Resonant tunneling diodes (RTDs) have the potential for compact and coherent terahertz (THz) sources operating at room temperature. In this paper, recent results of THz oscillators with RTDs are described. A fundamental oscillation frequency up to 831 GHz was achieved with RTD having high available current density and low capacitance. By the structure reducing the transit time, the frequency further increased to 1.04 THz. This is the first achievement of a fundamental oscillation above 1 THz in room-temperature electronic single oscillators. The output power of 400 μW at 550 GHz was obtained in a single oscillator by the offset-fed slot antenna. Coherent power combining with multi-element array was observed. The spectral linewidth, frequency change with bias voltage, and direct modulation were also described.
Introduction
The terahertz (THz) frequency range located approximately between 0.1-1 THz has been receiving considerable attention recently because of its many applications, such as ultrahigh-speed wireless communications, spectroscopy, and imaging [1] . For these applications, compact and coherent solid-state sources are important key components. Because the THz range is located between lightwaves and millimeter waves, both optical and electronic devices are being investigated for THz sources. For semiconductor single oscillators, p-type Ge lasers [2] and THz quantum cascade lasers (QCLs) [3, 4] are studied from the optical device side.
From the electron device side, the development of two-terminal devices such as impact ionization avalanche transit-time (IMPATT) diodes, tunneling transit-time (TUNNETT) diodes, Gunn diodes, and resonant tunneling diodes (RTDs) is being pursued [5, 6, 7, 8, 9, 10, 11, 12, 13] . Heterostructure bipolar transistos (HBTs), high electron mobility transistors (HEMTs), and Si C-MOS transistors are also studied intensively [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] . The maximum oscillation frequency, i. e., the frequency at which the power gain = 0 dB, of the InP-based HEMT exceeded 1 THz [14] . Sub-THz oscillation and amplification were reported in MMICs with InPbased HEMTs and HBTs [18, 19, 20, 21] . Oscillators with Si C-MOS were also studied [22, 23, 24] . Devices based on Bloch oscillation, plasma effect, and velocity modulation are also being studied [25, 26, 27, 28] . Fig. 1 shows output power versus oscillation frequency for several semiconductor single oscillators at this stage.
Fig. 1.
Output power as a function of frequency for several semiconductor THz sources at this stage. Recent results in RTD oscillators described in this paper are included.
RTDs have the highest oscillation frequency among the above electron devices. Room-temperature operation, which has not yet been achieved in a single optical device at present, is also an attractive feature. Research of RTDs began with the theoretical prediction by Tsu and Esaki in 1973 [29] , and their behavior of negative differential resistance was experimentally demonstrated at liquid nitrogen temperature in 1974 [30] and at room temperature in 1985 [31] . Oscillation in the microwave range was demonstrated at a low temperature in 1984 [32] . The oscillation frequency was then updated many times to several hundred GHz [33] , and a room-temperature fundamental oscillation at 712 GHz was reported in 1991 [8] . Although the increase in oscillation frequency stopped after this achievement until recently, an oscillation at 831 GHz was reported in 2009 [12] , and then, 1.04 THz was achieved very recently [13] . The output power has also increased by improvement of the structures of RTD and resonator [34, 35] .
In this paper, we describe recent results of THz oscillators using RTDs. The operation principle and fabricated structures of RTDs, and oscillation characteristics are described in Section 2. Structures for high frequency oscil-lation and high output power are discussed in Sections 3 and 4, respectively. Spectral linewidth, frequency change with bias voltage, and direct modulation are shown in Section 5. Conclusion is given in Section 6.
2 Device structure and oscillation characteristics 2.1 Oscillation principle and device structure The RTD is normally composed of two heterobarriers and a quantum well, as shown in Fig. 2 (a) . In the current-voltage (I − V ) characteristics shown schematically in Fig. 2 (b) , a current peak exists at which the resonance level in the quantum well is close to the conduction band edge of the emitter. With increasing voltage above the current peak, the I − V curve exhibits a negative differential conductance (NDC) region. The oscillator utilizes this region. Figure 3 (a) shows the fundamental structure of the RTD oscillator integrated with a planar slot resonator. The RTD is located at the center of a slot in a metal film. This slot forms a standing wave of the electromagnetic field as a resonator, and also acts as an antenna by radiating output power at the same time. The equivalent circuit for this structure is illustrated in Fig. 3 (b) . Parasitic elements are neglected in the figure except the capacitance of the c IEICE 2011 RTD. Oscillation takes place if the absolute value of NDC exceeds the radiation loss of the slot antenna. The oscillation frequency is determined by the parallel resonance of the LC circuit in Fig. 3 (b) corresponding to formation of the standing wave in Fig. 3 (b) .
The actual structure of the fabricated device is shown in Fig. 4 [10, 11, 12, 13] . The electrodes of the RTD are connected to the left and right electrodes of the antenna. At both edges of the antenna, the electrodes are overlapped with a SiO 2 layer between them. Using this structure, reflectors of highfrequency electromagnetic waves are formed, and the separation of DC bias is achieved at the same time. The length of the slot antenna is 10-50 μm. A parallel resistance with a bismuth film is connected outside the antenna electrodes to suppress parasitic oscillation of 2-3 GHz due to the resonance formed by external circuits including bias supplying lines. The area of the RTD mesa is around 0.5-1 μm 2 . The output power was measured at the bottom side of the substrate through a hemispherical Si lens (see Fig. 12 ), because most of the output power is radiated into the substrate due to its large dielectric constant. Lens-free oscillators were also reported [36, 37, 38] . 
Oscillation characteristics
To obtain high frequency oscillation, the capacitance of RTD shown in Fig. 3 (b) has to be reduced. For this purpose, we introduced a thick spacer layer in the collector region adjacent to the resonant tunneling layers, as shown in Fig. 5 (a) [12, 39] . The RTD mesa area must also be reduced. However, it becomes difficult to obtain high output power and to satisfy the oscillation condition because of reduction in the available current (ΔI in Fig. 2 (b) ). Therefore, high available current density is required at the same time. In the structure in cillation spectra were measured by a Fourier transform infrared spectrometer. Although the device oscillates in the continuous-wave mode, measurements were made in the pulsed mode with a lock-in technique in order to eliminate surrounding noise. The pulse width and repetition rate are 0.3 ms and 300 Hz, respectively. The change of characteristics with the pulse width was negligibly small. As shown in Fig. 5 (c) , fundamental oscillations at 737 and 831 GHz were obtained in forward and reverse bias conditions, respectively. The frequency was higher for the reverse bias due to the thicker spacer layer. Figure 6 shows the oscillation frequency as a function of RTD mesa area. The frequency increases with decreasing mesa area. However, there exists a limit of the area above which NDC cannot compensate the loss of the slot antenna. Theoretical curves calculated with the model described in [10] are also shown in Fig. 6 . The electron velocity in the collector region is an important parameter, because NDC decreases with frequency due to the transit time determined by the velocity. If we assume that the velocity equals to the peak velocity reported for GaInAs, the theory predicts a much smaller RTD area for the oscillation limit and higher frequency, compared with the measurement. The measurement agrees with the theoretical curve assuming a velocity smaller than the peak velocity. One possibility of the reason for the low velocity is the electron transition from the Γ band to L band due to high electric field.
High frequency oscillation
Assuming that the Γ-L transition is the dominant effect, we introduced structures shown in Fig. 7 to suppress this transition and to further increase the oscillation frequency. Fig. 7 (a) shows the spike-doped structure in which the built-in potential reduces the electric field in the collector region. By this structure, the oscillation frequency was able to be increased up to 898 GHz [40] . However, further increase was difficult because of the carrier generation from the doping which resulted in a large capacitance.
Figure 7 (b) shows the structure with graded emitter [13] . By this structure, the electric field in the collector region is reduced, because the conduction band edge of the emitter aligned to the quantum level in the well at low bias voltage. Fig. 8 (a) shows measured I − V characteristics of the structures with and without the graded emitter. The peak voltage was reduced with the graded emitter, as shown in the figure. However, the peak current density decreased at the same time because the top of the tunneling barriers remained at high level due to low electric field. By introducing thin barriers, the peak current density recovered and even increased, as shown in Fig. 8 (a) . The graded emitter and thin barriers are expected to reduce the collector transit time and tunneling time, respectively. shows the oscillation spectrum of the RTD with the graded emitter and thin barriers [13] . A fundamental oscillation at 1.04 THz was obtained at room temperature. To our knowledge, this is the first achievement of oscillation above 1 THz in a room-temperature electronic single oscillator. The measured output power is shown as a function of oscillation frequency in Fig. 9 .
From the comparison between the above measurement and theory, the tunneling and transit times were shown to be reduced in the structure with graded emitter and thin barriers [13] . However, the reduction in the transit time was not sufficient, because the electron energy was still close to the L band edge. The use of materials with low effective mass and large Γ-L separation may be effective for high electron velocity. As a preliminary experiment, an oscillation at 1.08 THz has been obtained with the insertion of high-indium-composition GaInAs layers into the collector region right next to the exit of the barrier [41] . Theoretical calculations are shown in Fig. 9 for output power as a function of frequency under the assumptions that the Γ-L transition is eliminated and that the tunneling time is reduced. The Γ-L transition can be eliminated by the potential profile in which the Γ and L band edges are well separated and flat over the collector region under an applied electric field. This design is possible with an appropriate heterostructures. The tunneling time can also be reduced by the adjustment of the level in the well. With these optimizations, oscillations above 2 THz are theoretically possible, as shown in Fig. 9 .
Structures for high output power oscillation

Offset structure
The output power of RTD oscillators is usually small (∼10 μW or less). Theoretically, the maximum output power that can be extracted from the RTD is (3/16) ΔIΔV [10, 42] , where ΔI and ΔV are the widths of NDC region, as shown in Fig. 2 (b) , which can reach 1 mW for the RTDs discussed here. However, the radiation conductance of the antenna is too small at present to satisfy the condition for the maximum output power given by radiation conductance = |NDC|/2 neglecting the antenna loss. Although the radiation conductance has a peak at some resonance frequencies of the antenna, the actual oscillation frequency is far below these frequencies due to the capacitance of RTD, resulting in the small radiation conductance.
To solve this problem, we proposed the offset slot antenna, as shown in Fig. 10 (a) [43, 44] , in which the position of the RTD is shifted from the center of the slot. In this structure, the oscillation frequency and radiation conductance are almost independently determined by the lengths of the short and long parts of the slot, respectively. The radiation conductance can be adjusted to its peak with the oscillation frequency fixed. Fig. 10 (b) shows theoretical calculations of output power and oscillation frequency as a function of the offset δ defined by δ = s/(l/2), where s is the displacement of RTD from the center, and l is the antenna length [43, 44] . The output power increases with increasing offset and reaches the maximum corresponding to the peak of radiation conductance. The oscillation frequency increases rapidly around the maximum output power. The output powers of about 800 μW at 400 GHz and 300 μW at 600 GHz are expected in this calculation. A higher output power is possible in RTDs with higher peak current densities. In the experiment, 420 μW at 550 GHz has been obtained up to now in RTDs with thin barriers and high peak current density shown in Fig. 8 (a) [35] .
The radiation conductance can be adjusted to its peak by the offset structure and approaches the condition of the maximum output power mentioned above. However, further improvement of the antenna structure is still neces- sary to completely satisfy this condition. This is in progress now. The loss of the antenna other than the radiation must also be suppressed.
Array configuration
The power combining using an array configuration is an effective method for high output power [45, 46, 47, 48, 49, 50, 51] . To obtain a combined high output power in the array configuration, all of the array elements are required to coherently oscillate with the same frequency. This condition can be satisfied by utilizing mutual injection locking between the elements. We reported observation of the mutual injection locking [45, 46] and theoretical analysis of the coupling condition between the array elements required for stable locking [52] . Figure 11 shows an experimental result of three-element array in which the oscillator elements are coupled with each other through angled slot lines [53] . A single peak was observed in the spectrum due to mutual injection locking. Although the output power of each element is as small as 2-3 μW due to small current density in this experiment, the combined output power observed in the front direction was larger than the simple sum of the output power of each element.
Theoretically, the output electric fields from all the elements are coherently combined, and the whole device works as a coherent antenna array. Thus, the output power concentrates into the front direction through the improvement of the antenna directivity. The radiation conductance also increases slightly. Due to these effects, the output power in the front direction is nearly proportional to the square of the element number, if the free-running frequencies of the elements are equal with each other [52] . Although the output power decreases with the divergence in the free-running frequencies before the locking [52] , the above effects are retained. The measured output power in Fig. 11 may indicate this situation.
Applying the array configuration to the high power oscillators with offset slot antennas and high current density RTDs described above, output power of more than 1 mW will be possible at 1 THz with more than about 5 elements. 
Spectral characteristics and direct modulation
Spectral characteristics are important for various applications of THz sources. We investigated spectral characteristics of RTD oscillators using heterodyne detection system shown in Fig. 12 as a preliminary experiment [54] . The output of RTD (left-hand side of Fig. 12 ) is extracted through a Si hemispherical lens and mixed with the output of the local oscillator (LO) with a Si plate, and detected with the Schottky-barrier diode (SBD, righthand side). The oscillation frequency of the RTD is 550 GHz. The LO is composed of a microwave signal generator and multipliers, and its output frequency is 279 GHz. The second harmonic heterodyne was employed. The fundamental heterodyne was also reported recently with an RTD as LO [55] .
For the detector, we fabricated an InP SBD with a broad-band bow-tie antenna, as shown in the right-hand side of Fig. 12 . InP SBD has the advantage of possible integration with InP-based high-speed devices, which may be useful for signal processing, in particular in high-speed wireless communication systems. Figure 13 shows the heterodyne-detected signal [54] . Although the measured spectrum was slowly fluctuated probably due to external noise, the instantaneous linewidth was obtained from Fig. 13 (a) to be less than 10 MHz. The theoretical linewidth was about 6 MHz [54, 56] , which was consistent with the measurement. The linewidth is inversely proportional to square of the amplitude of oscillation voltage across the RTD. A narrow linewidth may be possible by improvement of RTD and antenna structures to obtain the large amplitude. The phase-locked loop (PLL) system making use of the voltage controlled oscillation (VCO) mentioned below is also effective for a stable and narrow linewidth. Frequency change with bias voltage, i. e., the VCO, was observed, as shown in Fig. 13 (b) . The total change of the frequency was typically 1-5%. The mechanism of this change is the bias-dependent tunneling time, which produces the bias-dependent additional capacitance and the frequency change [57, 58, 59, 60, 61] . This frequency change was also observed in the RTD oscillating above 1 THz shown in Fig. 8 [13] . This property is useful for precise control and stabilization of frequency with the PLL system.
The direct modulation of RTD oscillators with bias voltage is useful for the application to simple wireless communication systems [62] . Whether the modulation is that in intensity or frequency depends on bias point, because the frequency change is large around the bias point at the peak output power and saturates in the bias region above this point [13, 60] . The modulation frequency is limited at present by the large capacitance of the overlapped metal-insulator-metal (MIM) layers at the edges of the slot antenna shown in Fig. 4 . By reducing the area of the MIM layers, the 3 dB cut-off frequency of about 3.2 GHz was obtained in a preliminary measurement of the intensity modulation [63] . Higher frequency is possible by further reducing the area of MIM layers and also by removing parasitic elements. Filtering circuits instead of the MIM layers which reflect the THz frequency may also be effective for high frequency modulation.
Conclusion
Recent results of THz oscillators with RTDs are described. By the structure reducing the transit time, the frequency further increased to 1.04 THz. This is the first achievement of a fundamental oscillation above 1 THz in roomtemperature electronic single oscillators. The output power of 400 μW at 550 GHz was obtained in a single oscillator by the offset-fed slot antenna. Co- herent power combining with multi-element array was observed. The spectral linewidth, frequency change with bias voltage, and direct modulation were also described. Based on these results, we believe that RTD oscillator is a possible candidate for compact and coherent THz sources. Making use of the advantage of room temperature oscillation and integralibility with other high-speed electron/optical devices, wide applications may be expected, in particular in short-distance high-speed simple wireless communication systems. 
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